Sulfate-reducing bacteria play important roles in a variety of anaerobic environments and have the potential to be used for bioremediation of metals and hydrocarbons (19, 29, 31) . The vast majority of past studies have focused on growth in laboratory media. Yet with our current knowledge of the importance of changes in gene expression in response to environmental factors (14) and recent developments demonstrating the utility of in situ microbial studies (15, 26) , the limitations of studying microbial processes in the laboratory have become evident. Sediments provide unique habitats for microorganisms (12) , and environmental bacteria must therefore contend with nutrient limitation, competition, osmotic changes, variation in redox potential, and other factors. Bacteria growing in sediments likely possess characteristics distinct from those grown in the laboratory under pure culture conditions (2) . There have been limited efforts to prove that cellular functions observed in the laboratory are important for microorganisms growing in the natural environment. In order to address these issues, a modified signature-tagged mutagenesis technique was adopted and Desulfovibrio desulfuricans G20, a sulfate-reducing bacterium, and Shewanella oneidensis MR-1, an iron-reducing bacterium, were used as models for studying functions for in situ growth (9) . Using S. oneidensis MR-1, 47 genes were identified that enhanced sediment fitness and it was further demonstrated that antibiotic efflux was a required process for bacteria in sediment (10) . In this study, we identified D. desulfuricans G20 genes apparently necessary for fitness in aquifer sediments and further characterized several of them. G20 sediment (9) , a G20 strain that had been adapted to sediment conditions, was used as a parent strain for construction of our tagged-transposon mutant library. Details on the generation of a mutant library were described in a previous study (9) . Sediment fitness mutants were defined as mutants that were unable to grow in sediment or unable to compete with native microorganisms and were originally selected based on the fact that the oligonucleotide tag within the chromosome of the mutant was not recovered from untreated sediments after an 8-day incubation period. D. desulfuricans G20 increased in number roughly fivefold while growing in sediment during the 8-day incubation period (data not shown). Fitness mutants were retested and selected if cell numbers were less than 10% of the inoculum concentration after the 8-day sediment incubation. A total of 108 fitness mutants were identified. The transposon-inserted regions were sequenced, and insertiondeletion genes were identified. An overview of their recovery rates from sediment and their homologs to other Deltaproteobacteria whose genomes have been sequenced is shown in Table 1 .
These mutants represent transposition events into 97 open reading frames (ORFs) whose predicted products fall into a wide variety of functional categories ( Table 1 ). The positions of ORFs with transposon insertions were identified, and their locations on the chromosome were not biased, as indicated by the gene locus number. It is noted that these genes were distributed throughout the chromosome, and this result is consistent with previous studies with pathogens for growth and viability in vivo (22, 25) . Nine genes were identified twice, and one gene was identified three times by different tagged transposons in different locations within the gene (Table 1) . Bioinformatics analysis indicated that proteins from all of the functional category groups (based on analyses of clusters of orthologous groups [COG]) were identified, except for cell division genes, which are likely to be essential not only for in situ growth but for growth in general. Such mutants would not be present in the library, as they would have been eliminated during the initial selection on lactate-sulfate (LS) antibiotic plates (17, 21) .
All sediment fitness mutants were able to grow in LS medium. The majority of mutants had growth rates identical to strain G20 sediment , with only four growing more slowly than G20 sediment (Table 1) . During the pooled incubation in sediment, it is possible that these slow-growing mutants were unable to grow or compete with native bacteria or other mutants in the sediment due to a lower level of inoculum (caused by slower growth in the inoculum tubes). However, these mutants were then grown and inoculated into sediment individually and shown to be unable to survive, confirming that the functions of these interrupted genes were also needed for sediment survival. 
Growth of mutants for amino acid biosynthesis genes.
Desulfovibrio desulfuricans G20 was grown in LS medium prepared as described by Groh et al. (9) . A mineral medium, prepared as described by Castaneda-Carrion (3) with a few modifications, was also used. The mineral medium contained 10 mM sodium sulfate, 25 mM sodium lactate, 0.05% yeast extract, and vitamins and minerals. N 2 -CO 2 (4:1) was used for the headspace. Prior to autoclaving, the pH was adjusted to 7.2, and after autoclaving, 8 mM NaHCO 3 and 1.6 mM Na 2 S were added from anaerobic stock solutions. Three mutants [G12(pD6), B12(pE4), and A2(pE11)] with mutations in genes involved in amino acid biosynthesis (Table 1) were individually cultured in LS medium and then transferred (0.1 ml) to lactate mineral medium. A further transfer was then made of logphase cultures (optical density at 600 nm [OD 600 ] of 0.4) into mineral media containing 0, 0.05%, 0.01%, and 0.005% yeast extract. OD 600 s were recorded from duplicate tubes for each mutant with strain G20 sediment as the control.
The mutation in G12(pD6) is in the gene encoding N-acetylglutamate synthase (ArgJ), which catalyzes two activities in the cyclic version of arginine biosynthesis: the synthesis of acetylglutamate from glutamate and acetyl coenzyme A (acetyl-CoA) and that of ornithine by transacetylation between acetylornithine and glutamate (27) . This protein has 37% similarity to the Escherichia coli protein ArgJ. B12(pE4) is mutated in the gene encoding chorismate mutase/prephenate dehydratase, a cytoplasmic protein with 31% similarity to the E. coli enzyme. Chorismate mutase catalyzes the conversion of chorismate to prephenate in the tyrosine and phenylalanine biosynthesis pathways (39) . A2(pE11) is mutated in the gene encoding the tryptophan synthase (TrpB), beta subunit, responsible for the final step of L-tryptophan biosynthesis. It has very high homology to TrpB in other bacteria, including E. coli (55%) and D. vulgaris (81.15%). This protein also has a paralog in G20, with 57% identity.
In order to be certain that the loss in sediment fitness for these mutants was due to the loss of the ability to synthesize amino acids, growth was assessed with different concentrations of yeast extract, which provides trace amounts of amino acids (34) . Figure 1 shows growth curves in decreasing yeast extract concentrations. Without yeast extract in the medium, all of these mutants had impaired growth. These results also indicate that D. desulfuricans G20 has the ability to synthesize all of the necessary amino acids when growing in mineral medium. Two of the mutants lost the ability to grow without added amino acids, a function apparently needed for growth in sediments. The slow growth of mutant A2(pE11) suggests to us that the paralog of TrpB may be functional. Growth experiments with mutants G12(pD6) and B12(pE4) suggest that they have lost the ability to synthesize arginine or phenylalanine for growth. Given that free amino acids are likely present at very low levels in sediments, the inability to generate all of the needed amino acids likely influenced the ability to survive. Pathogens and commensal microorganisms, on the other hand, do not likely have similar constraints (11) . Others have shown that amino acid biosynthesis can be elevated in response to nutrient limitation, stress, or amino acid restriction (37), perhaps having an indirect effect on fitness under those conditions. Growth of strains with UV treatment. Mutants with mutations in the umuC and ruvB genes were individually cultured in LS medium to an OD 600 of 0.5 to 0.7. Cells (2 ml) were added to 18 ml of LS medium in a petri dish and then exposed to UV light at 254 nm at 10 cm for 10, 30, 60, 180, and 300 s. After UV exposure, serial dilutions were made into 2-ml 96-well plates (Beckman Instruments, Inc.; no. BK609681) for 3-well most probable number counts. Growth was recorded after a 2-day incubation at 37°C. UV and many chemicals cause mutagenesis by a process of translesion synthesis that requires DNA polymerase III and the SOS-regulated proteins UmuD, UmuC, and RecA. This machinery allows replication to continue through DNA lesions, therefore avoiding lethal interruption of DNA replication after DNA damage (30) . UmuC is a wellconserved protein in prokaryotes and is present in all kingdoms of life (33) . UmuC in G20 has an ortholog in E. coli with 41.67% identity, and it is also conserved within the Deltaproteobacteria (Table 1) .
RuvB is part of the RuvABC complex of proteins, which are involved in Holliday junction resolution. During DNA replication, recombination, and repair processes, Holliday junctions are formed (5) . RuvA forms a helicase complex with RuvB, mediating the Holliday junction migration by localized denaturation and reannealing (6) .
To verify that the fitness mutants were deficient in survival after DNA damage, we compared rates of mutant survival after exposing cells to UV light (254-nm wavelength). The survival rate of each mutant is shown in Table 2 . Both mutants had at least 10-fold-lower survival rates than the parent strain after exposure to UV light, providing strong evidence for a role of the interrupted genes in the response to mutagens.
Published analyses of sediments have clearly demonstrated the presence of mutagens, which can threaten the viability of aquatic biota (4). DNA-damaging agents range from UV light, to fungal metabolites, to reactive oxygen species (33) . Although the roles of specific DNA repair pathways have not been studied in natural systems, both error-free (RuvABC) (28) and error-prone (UmuDC) (30) pathways are universally present in environmental bacteria (1, 7, 38) . Previous studies have shown that DNA repair mechanisms (specifically RecA) are induced upon exposure of pure cultures living in natural environments to UV light (1) or chemical mutagens (7). The results presented here showing the importance of umuC and ruvB genes in sediment survival clearly demonstrate a role for DNA repair systems in sediment-dwelling bacteria in dealing with in situ concentrations of mutagens. Growth of strains with mutations in energy production genes. With H 2 as an electron donor, lactate was omitted, and 10 mM sodium acetate-H 2 (10 ml) was added to the mineral medium. Three mutants [C10(pG11), C10(pB6), and C8(pE11)] with mutations in genes annotated to be involved in energy metabolism (Table 1) were cultured in LS medium to test their abilities to grow with H 2 . Lactate-grown cultures (OD 600 of about 0.4) were used to inoculate (0.1 ml) cultures incubated with H 2 (shaken) or lactate as the electron donor. Duplicate tubes were used for each mutant with strains G20 wildtype and G20 sediment as controls. C10(pB6)had a mutation in the gene encoding formate C-acetyltransferase (also known as pyruvate/formate lyase), a key enzyme of anaerobic glucose metabolism, converting CoA and pyruvate to acetylCoA and formate (20) . Previous studies have shown that pyruvate/formate lyase was required when carbon-starved E. coli entered the stationary phase (23) . The G20 enzyme has 33.5% homology to formate C-acetyltransferase in E. coli and is conserved in Streptococcus species. Finding the ortholog for G20 during the sediment selection suggests that G20 may be similarly experiencing carbon limitation. The similar growth relative to the parent strain in both LS medium (66 mM lactate) and mineral medium (25 mM lactate) (Fig. 2) indicated that with adequate carbon in the form of lactate, the mutant was able to grow as well as the parent strain. C10(pG11) had a mutation in the gene encoding the NiFe hydrogenase small subunit (HydA), a periplasmic protein believed to be involved in H 2 uptake (36) . The small subunit in G20 has 77.0% homology to hydrogenase (HydA) in Desulfovibrio vulgaris and 37.1% homology to hydrogenase in Geobacter metallireducens. This enzyme has two paralogs (HynB-1 and HynB-2) in G20. The deletion mutant of its ortholog in D. vulgaris was found to grow similarly during the exponential phase and quickly die during the stationary growth phase (8) .
C8(pE11) has a mutation in the gene encoding the Fe-only hydrogenase, a periplasmic protein which contains 4Fe-4S clusters. Cytochrome c 3 is likely the physiological electron carrier for the enzyme. However, the role of the Fe-only hydrogenase as an uptake or production (24, 35) hydrogenase is still being debated.
Both the parent strain and mutants grew similarly in lactate mineral medium (Fig. 2) . However, only the NiFe hydrogenase mutant C10(pG11) grew more slowly with H 2 than the G20 sediment strain (Fig. 2) , confirming a role of the NiFe hydrogenase in H 2 uptake. H 2 is a common intermediate in natural environments, and sulfate-reducing bacteria are capable of using it as an energy source (18) . The interruption of the NiFe hydrogenase gene, coding for a well-studied protein thought to be involved in uptake of H 2 during growth (36), decreased its H 2 -dependent growth rate. Our experiments with another mutant C8(pE11) containing the gene encoding the Fe-only hydrogenase showed no growth effect with H 2 as the electron donor, suggesting an alternative role for this protein during sediment growth. H 2 is a key intermediate in aquatic sediments and in anoxic sediments (13) , and H 2 partial pressures are strictly maintained at low, steady-state levels by H 2 -consuming organisms (18) . As H 2 levels drop below 10 nM, sulfate-reducing bacteria are known to outcompete methanogens and acetogens for H 2 (13, 16) . The selection of the uptake hydrogenase in the assay for loss of sediment fitness provides direct evidence for a role in sediment H 2 uptake by Desulfovibrio.
Identical growth characteristics in both LS medium and lactate mineral medium for the selected mutants and the parent strain provide strong evidence that these genes are specifically involved in sediment fitness. Although the cellular functions of genes from one species cannot always be determined based on database searches, similar functions of proteins, originally identified through homolog analysis, have been subsequently proven (10, 32) . Thus, genes that have been identified as critical for G20 sediment fitness might have similar functions to their homologs in other microorganisms. It is important to Although much work remains for understanding specific roles for identified genes during sediment growth, our limited studies demonstrated several functions needed by G20 during growth in sediment. Identification of all 97 genes important for growth/fitness gives us an idea of the variety of proteins required by environmental microbes to adapt to their niches. Based on the fact that more than 70% of the identified gene products have homologs in D. vulgaris Hildenborough, G. metallireducens, and Geobacter sulfurreducens PCA, it is likely that many of these genes have universally required properties.
